Objective-Activated endothelium and increased monocyte-endothelial interactions in the vessel wall are key early events in atherogenesis. ATP binding cassette (ABC) transporters play important roles in regulating sterol homeostasis in many cell types. Endothelial cells (EC) have a high capacity to efflux sterols and express the ABC transporter, ABCG1. Here, we define the role of ABCG1 in the regulation of lipid homeostasis and inflammation in aortic EC. Methods and Results-Using EC isolated from ABCG1-deficient mice (ABCG1 KO), we observed reduced cholesterol efflux to high-density lipoprotein compared to C57BL/6 (B6) EC. However, total cholesteryl ester levels were not changed in ABCG1 KO EC. Secretions of KC, MCP-1, and IL-6 by ABCG1 KO EC were significantly increased, and surface expressions of intercellular adhesion molecule-1 and E-selectin were increased several-fold on ABCG1 KO EC. Concomitant with these findings, we observed a 4-fold increase in monocyte adhesion to the intact aortic endothelium of ABCG1 KO mice ex vivo and to isolated aortic EC from these mice in vitro. In a gain-of-function study in vitro, restoration of ABCG1 expression in ABCG1 KO EC reduced monocyte-endothelial interactions. Utilizing pharmacological inhibitors for STAT3 and the IL-6 receptor, we found that blockade of STAT3 and IL-6 receptor signaling in ABCG1 KO EC completely abrogated monocyte adhesion to ABCG1 KO endothelium. Conclusion-ABCG1 deficiency in aortic endothelial cells activates endothelial IL-6-IL-6 receptor-STAT3 signaling, thereby increasing monocyte-endothelial interactions and vascular inflammation. (Arterioscler Thromb Vasc Biol. 2010;30:809-817.)
A key early event in atherosclerosis is the increased interaction of monocytes with endothelial cells (EC) in the vessel wall. 1 In early atherogenesis, EC in the artery wall become activated, in many cases by oxidized lipids. Activated EC secrete proinflammatory chemokines that recruit monocytes to the activated endothelium. Interaction of monocytes with adhesion molecules and integrins on the endothelial surface causes the monocytes to tether and firmly adhere to the endothelium, where they can subsequently transmigrate into the subendothelial space. [2] [3] [4] ABCG1 is an ATP-binding cassette transporter that has been well-studied in macrophages. ABCG1 has been shown to promote cholesterol efflux to high-density lipoprotein (HDL) particles in reverse cholesterol transport. 5, 6 Deficiency of ABCG1 in macrophages leads to reduced cholesterol efflux and increased macrophage cholesteryl ester accumulation. 5, 6 Rader et al 7 have elegantly shown that ABCG1 promotes reverse cholesterol transport in mice in vivo. We previously reported that ABCG1 expression and function are significantly reduced in patients with type 2 diabetes, potentially contributing to the formation of lipid-laden macrophages and accelerated atherosclerosis in these patients. 8 Aortic EC also express the ABC transporters ABCA1 and ABCG1 and efflux cholesterol to HDL. 9 EC have a dramatic ability to efflux cholesterol, most likely to aid in homeostasis to prevent endothelial activation in the vessel wall. 9, 10 There is tight regulation of sterol content and ABC transporter expression in EC. Shyy et al 11 found that SREBP activation by sterols causes downregulation of ABCA1 in EC. Moreover, Genest et al 9 found that ABCG1, and not ABCA1, was induced by cholesterol loading of EC. There also appears to be a critical link between lipid homeostasis and inflammatory responses in vascular EC. Berliner et al 12 have shown that oxidized phospholipids activate SREBP, which in turn induces endothelial IL-8 production. Moreover, several studies [13] [14] [15] [16] [17] [18] have shown that incubation of endothelial cells with HDL reduces the endothelial inflammatory response. This may be attributable in part to the ABCG1mediated delivery of cholesterol from EC to HDL, as well as to the presence on HDL particles of the paraoxonase enzyme and the antiinflammatory lipid sphingosine-1-phosphate.
In the current study, we examined the role of ABCG1 in aortic endothelial function. We found that ABCG1 expression is important for regulation of the inflammatory response of the aortic endothelium, and for regulation of monocyte-endothelial interactions in the vessel wall.
Materials and Methods
Detailed methods and reagents used can be found in the Data Supplement (available online at http://atvb.ahajournals.org). C57BL/6 (B6) mice were purchased from Jackson Laboratories (Bar Harbor, Me). ABCG1 knockout (KO) mice 19 were purchased from Deltagen (San Mako, Calif) and have been backcrossed for 13 generations onto the C57BL/6J background. Mice were housed in barrier facilities and maintained on rodent chow (4% fat) throughout the study. All animal studies were performed following approved guidelines of the University of Virginia Animal Care and Use Committee. Aged-matched B6 and ABCG1 KO mice between 10 to 12 weeks of age were used for all experiments. Aortas from B6 and ABCG1 KO mice were removed, opened longitudinally, pinned on agar, and used in an ex vivo monocyte adhesion as previously described. 20 Alternatively, primary aortic EC from B6 and ABCG1 KO mice were harvested from mouse aorta under sterile conditions as outlined previously. 21 Primary aortic EC at passage 2 were used for flow cytometry to measure adhesion molecule expression and were used in a Glycotech parallel plate flow chamber for monocyte adhesion studies. Cytosolic and nuclear extracts were harvested from primary EC using the NE-PER kit (Pierce) according to the manufacturer's instructions, and immunoblotting for signaling molecules was performed as previously described. 22
Results

ABCG1-Deficient Aortic EC Have Increased Lipid Content
EC possess ABC transporters, including ABCG1 and ABCA1, to assist with cholesterol homeostasis in the vessel wall. 9,23 ABCG1 is the primary protein involved in the removal of cholesterol from endothelial cells. 9, 14 We first examined the impact of ABCG1 deficiency on the lipid content of endothelial cells. Aortic EC were isolated from control C57BL/6J (B6) and ABCG1 KO mice fed rodent chow. Lipid accumulations in chow-fed control and ABCG1 KO EC were quantified using immunofluorescence and gas chromatography. We observed lipid accumulation occurring primarily within punctate intracellular structures (lipid is stained green; Figure 1A ) in aortic ABCG1-deficient EC at passage 1 compared to B6 EC. We analyzed endothelial free cholesterol and cholesteryl ester content using gas chromatography. Surprisingly, there were no statistically significant changes in total cellular cholesteryl ester or free cholesterol content ( Figure 1B ) in ABCG1 KO mice. We also measured triglyceride content in EC. We found low levels of triglycerides present in both B6 and ABCG1 KO EC. We observed a modest increase in triglyceride content that averaged Ϸ15% between B6 and ABCG1 KO EC ( Figure 1C ).
Studies have previously shown that lipid loading of EC rapidly stimulates cholesterol efflux pathways to maintain lipid homeostasis. 9, 23 Based on the known role of ABCG1 in promoting cholesterol efflux from macrophages, 5, 6 we predicted that ABCG1 KO EC would show reduced cholesterol efflux. This is the case, as shown in Figure 1D . We observed no change in cholesterol efflux to lipid-free apolipoprotein AI, a process mediated by ABCA1. 6, 24 Concomitant with these findings, we observed no changes in ABCA1 mRNA expression in ABCG1 KO EC ( Figure 1E ). Taken together, these studies indicate that absence of ABCG1 in endothelium results in a significant reduction in cholesterol efflux to HDL, and although the endothelial total cholesterol content is not changed, there appears to be a change in the intracellular distribution of neutral lipid in the ABCG1 KO EC.
Increased Monocyte-Endothelial Interactions in Aorta of ABCG1 KO Mice
We postulated that the increase in lipid content in the ABCG1 KO EC would initiate an inflammatory response and cause increased monocyte-endothelial interactions. To test this, we utilized in vitro and ex vivo approaches. First, using a parallel plate flow chamber system, we quantified the number of rolling and adherent monocytes to aortic EC isolated from either B6 or ABCG1 KO mice fed chow. Under normal conditions, quiescent aortic endothelium binds very few monocytes, as we have shown previously. 20, 25, 26 However, activated endothelium is capable of binding significant numbers of monocytes, which is indicative of a classical inflammatory response. As shown in Figure 2A , ABCG1 KO endothelium had Ϸ4-fold increases in the numbers of rolling and adherent monocytes. We utilized B6 mouse aortic EC incubated with tumor necrosis factor-␣ as a positive control for endothelial activation (Figure 2A) . Surprisingly, ABCG1 KO EC were as activated as were the tumor necrosis factor-␣-treated control EC, at least within the limits of this in vitro assay. To examine monocyte-endothelial interactions in a more physiologically relevant setting, aortas were harvested from B6 and ABCG1 KO mice fed chow and immediately used in an ex vivo monocyte adhesion assay. Monocyte adhesion was increased by 4-fold to ABCG1-deficient aortae compared to control B6 aortae ( Figure 2B ). The representative images in Figure 2B illustrate the number of monocytes that have adhered to the intact endothelium of the aorta of each group. The graph in Figure 2B displays the meanϮSE for monocyte adhesion to intact aortae from 8 mice per group.
ABCG1-Deficient Endothelium Is Activated to Recruit and Bind Monocytes
Next, we examined endothelial surface adhesion molecule expression and chemokine production in ABCG1 KO mice. Using flow cytometry, we found increased surface expression of E-selectin and intercellular adhesion molecule-1 (ICAM-1) on ABCG1 KO EC, which are 2 adhesion molecules important for regulating monocyte rolling and firm adhesion to endothelium. E-selectin expression was increased from covering Ϸ4% of the EC surface in control cells to 21% of the EC surface in ABCG1 KO EC (PϽ0.001; nϭ8 mice per group), whereas ICAM-1 expression on the cell surface was increased from 65% in control EC to 76% in ABCG1 KO EC (PϽ0.02; nϭ8 mice per group). ICAM-1 is constitutively and highly expressed on endothelium, thus accounting for the higher percentages of surface expression compared to other adhesion molecules in control cells. We observed no changes in vascular cell adhesion molecule-1 surface expression between control and ABCG1 KO mice (data not shown).
We also measured chemokine production by aortic endothelial cells. ABCG1 KO aortic EC had significant elevations in secretion of KC (the mouse ortholog of IL-8), IL-6 (PϽ0.001), and MCP-1 (PϽ0.01; Supplemental Figure I, available online at http://atvb.ahajournals.org). Each of these chemokines is involved in monocyte recruitment in the vessel wall. Taken together, these results indicate that the aortic endothelium of ABCG1 KO mice is activated to interact more readily with monocytes, a key initial event in atherogenesis.
Cholesterol, ABCG1 Expression, and Monocyte-Endothelial Interactions
To focus on modulation of lipid content via ABCG1 deficiency as a possible cause of the endothelial activation observed in ABCG1-deficient EC, we performed a series of flow chamber monocyte adhesion assays in which we either modulated the level of cellular cholesterol or modulated ABCG1 expression in an "add-back," or gain-of-function, study. First, we loaded B6 control EC with soluble choles-
Neutral lipid content and cholesterol efflux in ABCG1-deficient aortic EC. A, Fluorescent microscopy. Primary aortic EC isolated from C57BL/6 (B6) and ABCG1-deficient (ABCG1 KO) mice at passage 1 were stained with Nile Red to detect neutral lipid and DAPI to detect nuclei as described in Materials and Methods. Images depict overlaid DAPI and FITC channels taken at 400ϫ while visualizing Nile Red using a fluorescent microscope. Within the cells, nuclei are stained blue with DAPI and the lipid droplets are stained green with Nile Red. B, Quantification of endothelial cholesterol content. Cellular free cholesterol (FC), cholesteryl ester (C5), and total cholesterol content (TC) in mouse aortic EC (MAEC) at passage 2 were quantified as described in Materials and Methods using gas chromatography. MAEC were examined under basal conditions (B6, G1); nϭcells from 6 mice measured in duplicate. C, Quantification of endothelial triglyceride content. Triglyceride levels from MAEC at passage 2 were analyzed as described in Materials and Methods; nϭcells from 4 mice per group. *PϽ0.01 by Student t test. D, Cholesterol efflux. B6 and ABCG1 KO EC were incubated with 3 H-cholesterol for 24 hours, followed by incubation with either HDL or lipid-free apolipoprotein AI (apoAI) acceptors for 4 hours. Efflux was measured as described in Materials and Methods; nϭcells from 8 mice per group. *Significantly lower than B6, PϽ0.001. E, ABCA1 mRNA expression. Expression of ABCA1 mRNA in MAEC at passage 2 was measured using real-time quantitative polymerase chain reaction; nϭcells from 6 mice per group.
terol using cholesterol-loaded cyclodextrin. This method is commonly used to load cells with cholesterol, and the cholesterol is rapidly distributed into cellular pools. 27, 28 Incubation of B6 control EC with cholesterol-loaded cyclodextrin for 4 hours stimulated monocyte adhesion to levels observed for ABCG1 Ϫ/Ϫ EC, indicating that sterol loading of EC increases monocyte-endothelial interactions ( Figure 3A) . Interestingly, addition of cholesterol-loaded cyclodextrin to ABCG1 KO EC did not further stimulate monocyte adhesion ( Figure 3A) . These data suggest that cholesterol loading of EC can contribute significantly to endothelial activation and monocyte-endothelial interactions.
Rather than depleting cellular cholesterol from EC using free cyclodextrin, which can rapidly deplete EC of cellular cholesterol resulting in induction of sterol regulatory element binding protein (SREBP) and low-density lipoprotein receptor for cholesterol synthesis, 12 we chose to directly assess the role of ABCG1 in regulating monocyte adhesion through a gain-of-function experiment. In this study, we transfected B6 control and ABCG1 KO EC with either a pcDNA control vector or a vector expressing flag-tagged murine ABCG1. We were successfully able to express flag-tagged murine ABCG1 in EC ( Figure 3B ). As shown in Figure 3C , restoration of ABCG1 expression in ABCG1 KO EC resulted in a Ͼ90% reduction in monocyte adhesion. Addition of ABCG1 to control B6 EC caused a small reduction in monocyte adhesion ( Figure 3C ), but this did not reach statistical significance, most likely because of the limits of detection of our assay. To confirm that ABCG1 expression in EC modulated IL-6 secretion, we measured IL-6 production in EC that had been transfected with either a pcDNA control vector or a vector expressing flag-tagged murine ABCG1. ABCG1 KO EC that were used at baseline or transfected with an empty pcDNA vector showed significant release of IL-6 ( Figure  3D ), whereas transfection of ABCG1 into ABCG1 KO EC significantly reduced IL-6 production ( Figure 3D ). Taken together, these data indicate that ABCG1 expression in EC regulates endothelial activation and modulates IL-6 production.
IL-6 Receptor Signaling Pathway Mediates Endothelial Activation in the Absence of ABCG1
We first examined NFB signaling attributable to the increased production of KC and MCP-1 by ABCG1 KO EC. We observed no differences in NFB activation between B6 and ABCG1 KO EC either at baseline or after tumor necrosis factor-stimulation (Supplemental Figure II) . We next examined STAT3 signaling through the IL-6 receptor pathway because we observed a large increase in endothelial IL-6 production. As shown in Figure 4A , ABCG1 KO EC have a significant increase in STAT3 phosphorylation, suggesting that the STAT3 signaling pathway is activated in ABCG1 KO EC. Total STAT3 protein was also increased in ABCG1 KO EC (see ␤-actin lane in Figure 4B for gel loading). SOCS3, a downstream target of IL-receptor-STAT3 signaling was induced Ϸ2-fold ( Figure 4B ), further confirming STAT3 activation in ABCG1 KO EC. ABCG1 addition to ABCG1 KO EC in a gain-of-function experiment diminished SOCS3 expression ( Figure 4C ). Using a well-characterized STAT3 inhibitory peptide, we found that inhibition of STAT3 signaling blocked monocyte adhesion to ABCG1 KO endothelial cells ( Figure 4D ). In fact, monocyte-endothelial interactions were completely reduced to levels of control EC by the STAT3 inhibitory peptide. These data suggest that a STAT3 signaling pathway is responsible for much of the endothelial activation observed in ABCG1 KO mice.
To determine whether STAT3 signaling through the endothelial IL-6 -IL-6 receptor axis is the pathway responsible for the endothelial activation observed in the ABCG1 KO mice, we used an IL-6-neutralizing antibody to interrupt IL-6 receptor signaling in monocyte-adherent EC. Blocking IL-6 receptor signaling using the IL-6 receptor-blocking antibody completely reduced monocyte adhesion to ABCG1 KO EC Figure 2 . Aortas from ABCG1 KO mice show increased monocyte rolling and adhesion. A, Studies in vitro. In a flow chamber assay, fluorescently labeled WEHI78/24 were allowed to flow over a confluent monolayer of primary murine aortic EC at 0.75 dynes/cm 2 . Rolling and firmly adherent monocytes were counted over a 5-minute period. Data represent the meanϮSE of 4 experiments performed in duplicate. As a positive control for rolling and adhesion, B6 EC were incubated with 10 U/mL tumor necrosis factor (TNF)-␣ for 2 hours (B6ϩTNF) before performing the assay. *Significantly higher adhesion than B6 control, PϽ0.002. **Significantly higher rolling than B6 control, PϽ0.005 by ANOVA. B, Studies in whole aorta. Aortae were harvested from B6 and ABCG1 KO mice fed rodent chow and immediately used in an ex vivo monocyte adhesion assay. Top, Representative images of fluorescently labeled monocytes adhering to intact endothelium of mouse aorta. Bottom, Graph of meanϮSE of monocyte adhesion to intact aorta of 8 mice per group. *Significantly higher than B6 control, PϽ0.0001 by ANOVA.
( Figure 4D ). Moreover, addition of both the STAT3 inhibitory peptide and the IL-6-neutralizing antibody together to ABCG1 KO EC caused no further reduction in monocyte adhesion to endothelium ( Figure 4D) , strongly suggesting that the IL-6 -IL-6 receptor-STAT3 axis is primarily responsible for the observed endothelial activation that occurs in ABCG1 KO mice.
HDL Binding to ABCG1 KO Endothelium
A recent report by von Eckardstein 29 indicated that bovine EC transfected with siRNA to ABCG1 showed 30% less binding of HDL. To test this concept using ABCG1 KO EC, we measured HDL binding to the EC surface by flow cytometry using DiI-labeled HDL. We observed Ϸ10% reduction in specific HDL binding to the surface of ABCG1 KO EC ( Figure 5A) ; however, this value did not reach statistical significance (nϭ6 mice per group). Moreover, total HDL binding to both B6 and ABCG1 KO EC was similar ( Figure 5A ). Furthermore, addition of HDL to ABCG1 KO EC reduced monocyte-endothelial interactions in a flow chamber assay in a manner similar to B6 endothelium ( Figure 5B ). These data support findings from other cell types that ABCG1 expression does not alter HDL association with the cell surface, and they suggest that the antiinflammatory function of HDL in this setting is most likely independent of ABCG1.
Discussion
A key early step in the pathogenesis of atherosclerosis is endothelial dysfunction, which is characterized by enhanced expression of leukocyte adhesion molecules, increased permeability of the endothelial monolayer, and increased monocyte-endothelial interactions. Macrophages in atherosclerotic lesions can accumulate significant amounts of cholesterol leading to foam cell formation; however, vascular wall EC tightly regulate their sterol content despite expressing receptors for oxidized lipoproteins, such as CD36 and LOX-1. 10 EC have a high capacity to efflux sterols, and the ABC Figure 3 . ABCG1 expression and cholesterol loading impact monocyte-endothelial interactions. A, Cholesterol loading of EC. MAEC from B6 and ABCG1 KO mice at passage 2 were used at baseline (untreated), treated with 10 U/mL TNF for 4 hours (ϩTNF), or incubated with 20 g/mL cholesterol-cyclodextrin (ϩChol-CD) for 4 hours before performing a monocyte adhesion assay in a parallel plate flow chamber. *Significantly higher than B6 untreated, PϽ0.0001. # Significantly higher than B6 untreated sample, PϽ0.0001 by ANOVA; nϭcells from 5 mice assayed in quadruplicate. B, Immunoprecipitation of FLAG-ABCG1. B6 MAEC were transfected with either pcDNA (ϩempty vector) or a flag-tagged murine ABCG1 construct (ϩFlag-ABCG1). Cells were immunoprecipitated with antibody to murine ABCG1 and an immunoblot to detect the Flag epitope was performed. Lanes were analyzed for ␤-actin as a control for gel loading. Image is representative of 3 experiments; note expression of Flag-ABCG1 in ϩFlag-ABCG1 transfected samples. C, Monocyte adhesion assay. B6 MAEC were transfected with either pcDNA (empty vector) or flag-tagged murine ABCG1 (Flag ABCG1). At 24 hours after transfection, EC were used in a parallel plate flow chamber assay. Cells were incubated with 10 U/mL TNF (؉TNF) as a positive control. *Significantly higher than B6, PϽ0.0001. # Significantly lower than untransfected ABCG1 MAEC, PϽ0.005 by ANOVA. D, IL-6 production. B6 MAEC were transfected with either pcDNA (ϩvector) or flag-tagged murine ABCG1 (ϩFlag ABCG1). At 24 hours after transfection, supernatants were collected for measurement of endothelial IL-6 secretion by enzyme-linked immunosorbent assay. *Significantly higher than B6, PϽ0.001. #Significantly lower than B6 control, PϽ0.01. **Significantly lower than ABCG1 KO ϩ vector, PϽ0.004 by ANOVA.
transporters ABCA1 and ABCG1 are expressed in these cells. 23 ABCG1 mRNA is greatly induced in human EC by cholesterol, and HDL, but not apolipoprotein A-I, promotes cholesterol efflux from EC, 9, 30 indicating a prominent role for ABCG1 in regulating sterol homeostasis in EC. In the current study, we found that aortic EC deficient in ABCG1 have lipid accumulation occurring primarily within punctate intracellular structures (Figure 1) . Moreover, ABCG1 KO EC have reduced capacity to efflux cholesterol to HDL, although cholesterol efflux to lipid-free apolipoprotein AI remains intact (Figure 1) . These data suggest that ABCG1 is most likely the primary mediator of cholesterol efflux in endothelium. Terasaka et al 14 have also reported that ABCG1 is a primary regulator of cholesterol efflux in human aortic EC.
In the current study, we found that aortic EC from ABCG1 KO mice have increased production of chemokines, increased Figure 4 . Activation of the IL-6 -IL-6 receptor-STAT3 signaling pathway in ABCG1 KO aortic EC. A and B, Immunoblotting. Cytosolic lysates from B6 and ABCG1 KO aortic EC were isolated and analyzed by SDS-PAGE for SOCS3, phospho-STAT3, and STAT3. Betaactin was run as a control for gel loading. Representative blots are shown. Graph shows densitometry plot for SOCS3 expression from 4 mice per group. C, Regulation of SOCS3 expression in EC by ABCG1. B6 and ABCG1 KO MAEC were transfected with a flag-tagged murine ABCG1 construct (ϩFlag ABCG1). At 24 hours after transfection, cell lysates were harvested for detection of SOCS3 protein by immunoblotting. Lanes in gel represent a pool of EC from 3 mice per group. D, IL-6 receptor neutralization blocks monocyte adhesion. ABCG1 KO EC were incubated with 0.5 g/mL of the IL-6 neutralization antibody (ϩIL6 Ab) for 10 minutes before performing a monocyte adhesion assay. In some cases, EC were preincubated with 100 mol/L Stat3 inhibitor peptide (ϩStat3 pept) for 45 minutes. Data represent the meanϮSE of 3 experiments performed in duplicate. *Significantly higher than B6 control, PϽ0.005. **Significantly lower than ABCG1 KO EC, PϽ0.001 by ANOVA. Figure 5 . Inflammatory state of ABCG1deficient EC is independent of HDL binding. A, HDL binding to EC. EC from 6 mice per group were incubated with Di-I-HDL at 4C, and total and specific binding of HDL to EC was assessed as described in Materials and Methods. No significant differences were observed in total, specific, or nonspecific HDL binding. B, HDL reduces monocyte-endothelial interactions in B6 and ABCG1 KO EC. MAEC from B6 and ABCG1 KO at passage 2 were incubated for 4 hours with either 10U/mL TNF (ϩTNF) or 50 g/mL oxidized low-density lipoprotein (ϩOxLDL) in the absence or presence of HDL (ϩHDL). Monocyte adhesion was measured using a parallel plate flow chamber. *Significantly higher than B6 untreated, PϽ0.0001. # Significantly lower than ABCG1 untreated, PϽ0.001. **Significantly lower than ϩOxLDL, PϽ0.001 by ANOVA.
surface expression of the adhesion molecules ICAM-1 and E-selectin that promote monocyte adhesion, and increased monocyte-endothelial interactions. Endothelial cells under basal conditions are not activated and bind very few monocytes. All of our experiments were performed using primary aortic EC from ABCG1 KO mice at low passage, and we did not stimulate these EC with any lipid to induce activation. Thus, all EC and aortae were studied under their basal conditions. We conclude from our studies that ABCG1 deficiency in EC causes endothelial activation, which in turn promotes monocyte-endothelial interactions. Moreover, our data strongly suggest that reductions in ABCG1 expression in endothelium promote a proinflammatory endothelial phenotype.
Interestingly, the proinflammatory phenotype of ABCG1deficient EC does not appear to be mediated by NFB (Supplemental Figure II) . NFB induces rapid expression of multiple genes involved in inflammatory responses, including proinflammatory chemokines and adhesion molecules. This lack of NFB activation in ABCG1 KO EC was confirmed by the fact that we observed no change in vascular cell adhesion molecule-1 expression, which is a key molecule induced by NFB in endothelium. Similarly, Berliner et al 31 have demonstrated that oxidized-1-palmitoyl-2-arachidonyl-sn-glycerol-3phosphocholi (OxPAPC), a component of minimally modified low-density lipoprotein, does not activate NFB.
Based on our finding that STAT3 signaling was a major regulator of monocyte adhesion in ABCG1 KO EC ( Figure  4 ), we focused our attention primarily on the cytokine IL-6. IL-6 is a cytokine that is involved in mediating monocyte adhesion. 32 We found significant production of IL-6 by ABCG1-deficient EC (Supplemental Figure I) . Although IL-6 is released from monocyte/macrophages, smooth muscle, and endothelium, we anticipate that the release of IL-6 from activated endothelium in ABCG1 KO mice in vivo acts to amplify the inflammatory cascade by binding to endothelial IL-6 receptors. Binding of IL-6 to the IL-6 receptor on the EC surface stimulates a STAT3 signaling cascade that promotes monocyte adhesion. Evans et al 33 have shown that IL-6 -IL-6 receptor signaling is critical for ICAM-1 induction in high endothelial venules; therefore, induction of ICAM-1 (see Results) by this signaling cascade would further contribute to increased monocyte-endothelial interactions in ABCG1 KO EC. We cannot rule out that IL-6 produced by other cellular sources in these mice also contribute to the observed increase in endothelial activation in vivo. However, our data indicate that the IL-6 -IL-6 receptor axis is induced in the ABCG1 KO EC, and we further demonstrate that this pathway, through STAT3 signaling, mediates induction of monocyte-endothelial interactions in these mice (Figure 4 ).
Although we observed increased Nile Red staining intensity in ABCG1 KO EC, we quantified only small increases in cholesteryl ester and triglyceride content compared with B6 EC (Figure 1 ). Tall et al have shown that ABCG1 KO macrophages from Western diet-fed mice have increased levels of 7-ketocholesterol. 34 We did not quantify levels of 7-ketocholesterol in the current study, but because levels of this oxysterol are typically several orders of magnitude less than that of cholesterol, we do not think an increase in 7-ketocholesterol can explain the increased Nile Red staining of ABCG1 KO EC. A more likely explanation is related to the blue shift in fluorescence emission and increase in quantum yield reported for Nile Red with decreasing solvent polarity. 35 Thus, a small accumulation of triglycerides or redistribution of cholesteryl esters, especially into discrete punctuate subcellular structures, could enhance the signal intensity of Nile Red out of proportion to total cellular neutral lipid mass, as shown in Figure 1 .
Intracellular location of accumulating neutral lipid may impact endothelial function. In several cell-types, ABCG1 is localized within intracellular membrane compartments and may traffic to the plasma membrane for cholesterol efflux functions. 36, 37 Very small changes in cholesterol content within specific cellular compartments can greatly influence cellular function. For example, minor changes in plasma membrane cholesterol content can significantly modify lipid raft formation, influencing cellular signaling events. 38 Moreover, changes in cholesterol levels within intracellular vesicular compartments can influence receptor recycling. 39 Finally, small changes in endoplasmic reticulum (ER) cholesterol content can influence ER stress, the unfolded protein response, and cytokine production. 40 Tabas et al 40 have reported that trafficking of free cholesterol to the ER compartment of macrophages triggered IL-6 production through activation of CHOP as part of the unfolded protein response. Thus, it is plausible that accumulation of neutral lipid within specific intracellular signaling compartments in ABCG1 KO EC could dramatically impact endothelial activation and IL-6 signaling through one of these mechanisms, and this may be reflected as only a minimal change in total cellular cholesterol content. Thus, both the total sterol content in the cell and its intracellular location could impact cell function. Studies to examine these concepts in EC and other cell types in ABCG1 KO mice are needed to fully understand the intracellular functions of ABCG1.
Recently, Tall et al 14 showed that endothelial nitric oxide synthase (eNOS) activity was reduced in ABCG1 KO mouse aorta, yet they observed no change in eNOS expression or phosphorylation. We observed increased eNOS phosphorylation in aortic EC from ABCG1 KO mice (Supplemental Figure III) , although we did not measure eNOS activity. Our previous studies of EC function have suggested that eNOS phosphorylation leads to enhanced eNOS activity in aortic EC, 41 although we did not directly measure eNOS activity in these cells. Because phosphorylated endothelial nitric oxide synthase (p-eNOS) is believed to exert a protective effect in endothelium, we anticipate that eNOS phosphorylation is upregulated under basal conditions in ABCG1 KO mice as a counter-regulatory mechanism to the proinflammatory phenotype in these cells. It is difficult to directly compare our results with those of Tall's group because we only measured phosphorylation of eNOS in isolated aortic EC, and they measured both eNOS expression and activity in extracts from whole aorta. In whole aorta, smooth muscle cell can release nitric oxide through eNOS action that certainly could influence both smooth muscle and endothelial responsiveness in the vessel wall. 42 In either case, both studies clearly show that ABCG1 expression is important for protection against endothelial dysfunction in vivo.
A few minor points for discussion revolve around the HDL binding studies shown in Figure 5 and the known role of ABCG1 in cholesterol efflux. Studies by von Eckardstein 29 reported that EC treated with ABCG1 siRNA showed reduced binding of HDL, which affected HDL transcytosis; however, von Eckardstein's study did not measure cholesterol efflux in their ABCG1 siRNA-treated EC. Although HDL transcytosis may be important for cholesterol efflux, 43 it is not yet known how HDL and ABCG1 interact to facilitate cholesterol transfer, and it is most likely not through direct binding of the 2 molecules. In contrast to von Eckardstein's work, we were unable to show significant reductions in HDL binding to ABCG1 KO EC, although we did measure a significant reduction in cholesterol efflux. However, we used a fluorescent method for quantification of HDL binding as opposed to a radioiodination method, so there is the possibility that von Eckardstein's method is more sensitive. Concomitant with our findings of similar levels of HDL binding, addition of HDL to B6 and ABCG1 KO EC worked equally well at reducing monocyte-endothelial interactions in an adhesion assay ( Figure 5B ), indicating that the wellcharacterized antiinflammatory properties of HDL 15, 44, 45 on endothelium are most likely independent of ABCG1. We also report that addition of soluble cholesterol to ABCG1 KO EC did not further stimulate adhesion or IL-6 production ( Figure 3 ), suggesting that the lipid content of the EC and cholesterol efflux are not based on physical binding of HDL to ABCG1 expressing cells.
In summary, we have identified the IL-6 -IL-6 receptor axis as an important regulator of monocyte-endothelial interactions in ABCG1 KO mice. In the absence of ABCG1, there is increased production of IL-6 by EC, thereby stimulating IL-6 receptor signaling to induce monocyte-endothelial interactions. Blockade of IL-6 receptor signaling in ABCG1 KO EC inhibits monocyte adhesion, and restoration of ABCG1 levels in ABCG1 KO EC block monocyte adhesion. Regulation of monocyte-endothelial interactions by ABCG1 appear to be independent of HDL binding. Thus, ABCG1 expression in EC is important for regulating the early inflammatory response in the vessel wall.
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